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Middle East respiratory syndrome coronavirus (MERS-CoV) infection is associated with a high case-fatality rate, 
and the potential pandemic spread of the virus is a public health concern. The spike protein of MERS-CoV 
(MERS-S) facilitates viral entry into host cells, which depends on activation of MERS-S by cellular proteases. 
Proteolytic activation of MERS-S during viral uptake into target cells has been demonstrated. However, it is 
unclear whether MERS-S is also cleaved during S protein synthesis in infected cells and whether cleavage is re- 
quired for MERS-CoV infectivity. Here, we show that MERS-S is processed by proprotein convertases in MERS- 
S-transfected and MERS-CoV-infected cells and that several RXXR motifs located at the border between the 
surface and transmembrane subunit of MERS-S are required for efficient proteolysis. However, blockade of pro- 
protein convertases did not impact MERS-S-dependent transduction of target cells expressing high amounts of 
the viral receptor, DPP4, and did not modulate MERS-CoV infectivity. These results show that MERS-S is a 
substrate for proprotein convertases and demonstrate that processing by these enzymes is dispensable for S pro- 
tein activation. Efforts to inhibit MERS-CoV infection by targeting host cell proteases should therefore focus on 
enzymes that process MERS-S during viral uptake into target cells. 
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The emergence and subsequent pandemic spread of the 
severe acute respiratory syndrome (SARS) coronavirus 
in 2002-2003 caused almost 800 deaths and wreaked 
enormous economic havoc [1, 2]. The virus was trans- 
mitted from bats, potentially via intermediate hosts, to 
humans, demonstrating that the zoonotic transmission 
of novel coronaviruses from animal reservoirs to 
humans can pose a significant threat to public health 
[3, 4]. A similar outbreak scenario unfolded in 2012, 
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when a novel coronavirus, initially named human coro- 
navirus EMC and now termed Middle East respiratory 
syndrome coronavirus (MERS-CoV), was detected in a 
patient from Jordan hospitalized with a severe and ulti- 
mately fatal pneumonia [5]. Subsequently, the virus 
spread within the Middle East and, through travel activ- 
ity, occasionally to Europe, Africa, Asia, and North 
America [6-9]. The outbreak has, as of 4 July 2014, en- 
tailed 827 laboratory-confirmed infections and 287 
deaths [10], and adaptation of the virus to more- 
efficient human-to-human spread is a public health 
concern. Therefore, it is imperative to identify and ex- 
plore novel targets for antiviral therapy. 

The viral surface protein spike (S), a type I transmem- 
brane protein synthesized in the constitutive secretory 
pathway of infected cells, mediates coronavirus entry into 
target cells [11, 12]. For this, the MERS-CoV spike protein 
(MERS-S) binds to its receptor dipeptidyl-peptidase-4 
(DPP4, CD26) on the surface of target cells [13] and drives 
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fusion of the viral envelope with a target cell membrane, which al- 
lows delivery of viral proteins and RNA into the host cell cyto- 
plasm, the site of viral replication. However, MERS-S and other 
coronavirus S proteins are synthesized as inactive precursors in in- 
fected cells and only acquire the ability to drive membrane fusion 
upon processing into the surface unit (S1) and the transmembrane 
unit (S2) by host cell proteases [14, 15]. The activity of the respon- 
sible proteases is essential for viral infectivity, which makes these 
enzymes potential targets for antiviral intervention. 

It has been demonstrated that the cysteine protease cathepsin 
L [14, 16, 17] and the type II transmembrane serine protease 
TMPRSS2 [14, 16, 17] can activate MERS-S during viral binding 
and uptake into target cells. However, activation of viral glyco- 
proteins, including activation of the S protein of certain strains 
of the coronavirus infectious bronchitis virus (IBV) [18], may 
also proceed in the constitutive secretory pathway of infected 
cells and is often accomplished by furin and other proprotein 
convertases [19-22]. Whether MERS-S is also cleaved during 
the passage of the secretory pathway and whether these cleav- 
age events contribute to S protein activation is at present 
unknown. 

Here, we show that proprotein convertases process MERS-S 
in transfected and infected cells, and we demonstrate that the 
integrity of several RXXR motifs located at the border of the 
S1 and S2 subunit is required for S protein processing. Treat- 
ment of MERS-CoV-infected cells with a proprotein convertase 
inhibitor (PCI) abrogated S protein cleavage but did not alter 
viral infectivity, indicating that S protein processing in infected 
cells is dispensable for MERS-S activation. 


MATERIALS AND METHODS 


Plasmids 

Expression plasmids encoding MERS-S [14], vesicular stomatitis 
virus glycoprotein (VSV-G) [23], Zaire ebolavirus glycoprotein 
(EBOV-GP) [23], Lassa virus glycoprotein (LASV-GPC) [23], 
DPP4 [13], and TMPRSS2 [24] have been described previously. 
Plasmids pGAL4-VP16 [25], pGAL5-luc [25], pNL4-3-Luc- 
R E- [26], and p96ZM651gag-opt [27], as well as plasmids 
encoding MERS-S [14] and EBOV-GP [28] with a C-terminal 
V5 tag have also been described. A Constructs expressing 
LASV-GPC and MERS-S potential cleavage site mutants 
(PCM) 1 (626-AXXA-629), PCM2 (691-AXXA-694), PCM3 
(748-AXXA-751), and PCM4 (884-AXXA-887) with a C-terminal 
V5 tag were generated by polymerase chain reaction (PCR)- 
based mutagenesis. The integrity of all PCR-amplified sequenc- 
es was confirmed by automated sequence analysis. 


Cell Culture 

293T cells were propagated in Dulbecco’s modified Eagle’s me- 
dium (DMEM; Life Technologies) supplemented with 10% fetal 
bovine serum (FBS; PAN-Biotech), penicillin, and streptomycin. 


Caco-2 cells were cultured in DMEM-GlutaMAX medium (In- 
vitrogen) supplemented with 10% FBS, penicillin, and strepto- 
mycin. Vero B4 cells were cultured in DMEM supplemented 
with 5% FBS, 1% L-glutamine, 1% sodium pyruvate, 1% nones- 
sential amino acids (all from Life Technologies), and antibiotics 
as stated above. All cell lines were grown in humidified atmo- 
sphere at 37°C and 5% CO,, 


Analysis of MERS-S Expression and Cleavage 

For the detection of MERS-S expression in transfected cells, 
293T cells underwent calcium phosphate transfection with the 
respective plasmids encoding S proteins with a C-terminal V5 
antigenic tag. For immunoblotting, the lysates were separated 
by sodium dodecyl sulfate gel electrophoresis and transferred 
onto nitrocellulose membranes (Hartenstein). MERS-S expres- 
sion was detected using a monoclonal antibody directed against 
the V5 tag (Invitrogen) or a polyclonal antibody directed 
against the S2 subunit of the MERS-S protein (Sino Biological). 
For detection of MERS-S protein in infected cells, Caco-2 and 
Vero B4 cells were infected with MERS-CoV (human betacor- 
onavirus 2c EMC/2012) at a multiplicity of infection (MOI) of 
0.01 and 5, respectively. At 24 hours after infection, the cells 
were harvested and treated with NuPAGE LDS sample buffer 
(Invitrogen), boiled for 20 minutes at 95°C, and analyzed by 
Western blot as described above. As a loading control, the mem- 
branes were incubated with anti-B-actin antibody (Sigma). 


Inhibition of Proprotein Convertases 

To assess the role of proprotein convertase activity in MERS-S 
processing in transfected 293T cells, the cells were transfected 
with plasmids encoding MERS-S, EBOV-GP, and LASV-GPC 
or with empty plasmid. The medium was changed 6 hours 
after transfection, and PCI (Merck) was added to the fresh medi- 
um at the indicated concentrations. Medium was replaced again 
32 hours after transfection, and inhibitor was replenished. Cells 
were lysed 48 hours after transfection, and cleavage of viral glyco- 
proteins was detected by Western blot, using a monoclonal anti- 
body recognizing the V5 tag. As a loading control, an anti-B-actin 
antibody was used. 

To assess whether proprotein convertase activity is required 
for MERS-S-driven cell-cell fusion, a previously described cell- 
cell fusion assay was used [24], which is based on mixing effec- 
tors cells expressing the trans-activator VP16 with target cells 
expressing luciferase under the control of a VP16-responsive 
promoter. Specifically, 293T target cells that expressed MERS- 
S or no glycoprotein and effector cells that were transfected to 
express DPP4 and/or TMPRSS2 were incubated with 1 uM PCI. 
One day after transfection, the cells were mixed to allow cell-cell 
fusion, and medium was supplemented with PCI at 1 uM final 
concentration. Cell-cell fusion was quantified by determination 
of luciferase activity in cell lysates at 48 hours after cocultiva- 
tion, using a commercially available kit (PJK). 
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For analysis of the importance of proprotein convertase activity 
for MERS-S-driven virus-cell fusion, a previously established 
pseudotyping strategy was used [14]: pNL4-3-Luc-R E~ [26] vec- 
tors bearing MERS-S, LASV-GPC, EBOV-GP, or VSV-G or no 
glycoprotein were generated in the presence or absence of 1 uM 
PCI. As target cells, 293T cells transfected with DPP4 encoding 
plasmid or empty plasmid, were seeded into 96-well plates and 
pretreated with 0.5 uM PCI for 60 minutes at 37°C. The cells 
were then incubated with pseudotypes for 8 hours, followed by 
replacement of infection medium with culture medium contain- 
ing inhibitor. Transduction efficiency was measured after 72 
hours by determining luciferase activities in cell lysates. 

To determine the role of proprotein convertase activity in in- 
fection with authentic MERS-CoV, Caco-2 cells seeded in 24-well 
plates were incubated with dimethyl sulfoxide or rising concen- 
trations of PCI for 1 hour at 37°C and were then inoculated with 
MERS-CoV (MOI 0.01 and 0.001 in quadruplicates) in the pres- 
ence of inhibitor. After incubation for 30 minutes at 4°C, the cells 
were washed and again incubated in culture medium with the in- 
hibitor. At 24 hours after infection, the cells were washed and 
harvested, and the pellet was lysed with RIPA lysis buffer, supple- 
mented with 4xNuPAGE (Invitrogen) and boiled for 20 minutes 
at 95°C. S protein expression in lysates was detected by Western 
blot, using a polyclonal antibody directed against the S2 subunit 
of MERS-S (Sino Biological). In parallel, for quantification of 
viral RNA, 50 uL of the cell supernatant was dissolved in 
RAV1 buffer (Macherey-Nagel) for RNA extraction, followed 
by quantitative reverse-transcription PCR analysis, using the 
upE assay as previously described [29]. Quantification of infec- 
tious particles was done by plaque assay, using Vero B4 cells as 
published elsewhere [6]. Briefly, 10-fold dilutions of supernatants 
were tested in duplicates, using cell monolayers of Vero B4 cells. 
After 1 hour of virus adsorption, cells were washed and overlayed 
with a 1.2% avicel resin. After 3 days, the plates were fixed with 
7% paraformaldehyde and stained with crystal violet solution. To 
investigate the influence of PCI on the formation of MERS-CoV- 
induced cytopathogenic effects, Vero B4 cells were infected at an 
MOI of 0.1 and fixed with 7% paraformaldehyde 42 hours after 
infection. MERS-CoV antigen detection was performed by incu- 
bation with a serum specimen from a patient with MERS as de- 
scribed elsewhere [30]. Bound antibodies were detected with a 
cyanine 2-labeled goat-anti human immunoglobulin G second- 
ary antibody (Dianova). Nuclei were stained by mounting the 
slides with DAPI containing ProLong Gold antifade mounting 
medium (Life technologies). 


RESULTS 


MERS-S Is Proteolytically Processed in Transfected and 
Infected Cells 

To investigate MERS-S cleavage in virus producing cells, we de- 
termined whether the S protein is cleaved in transfected and 


infected cells. Western blot analysis of S protein transfected 
293T cells and MERS-CoV-infected Vero B4 cells with an an- 
tibody specific to the S2 subunit of MERS-S revealed 2 promi- 
nent S protein bands with molecular weights of 170 kDa and 
90 kDa (Figure 1), in keeping with our previous results [14]. 
The 170k-Da band corresponds to uncleaved MERS-S, while 
the presence of the 90-kDa band indicates efficient processing 
of MERS-S into an N-terminal S1 subunit (not detected) and 
a C-terminal S2 subunit (Figure 1). 


Several RXXR Motifs Located at the Border of the S1 and S2 
Subunits Are Required for Processing of MERS-S 

Inspection of the sequences located at the border of the S1 and 
S2 subunits of MERS-S revealed the presence of 4 RXXR se- 
quences (Figure 2A), which might represent recognition sites 
for proprotein convertases [22]. To determine the importance 
of these motifs for MERS-S cleavage, we changed the arginine 
residues in 626-RXXR-629, 691-RXXR-694, 748-RXXR-751, 
and 884-RXXR-887 to alanine residues, creating the potential 
cleavage site mutants PCM1, PCM2, PCM3, and PCM4 (Fig- 
ure 2A). All S protein mutants were expressed with the same ef- 
ficiency as wild-type MERS-S in transfected cells (Figure 2B). 
The only exception was PCM2, for which consistently no ex- 
pression was detected (not shown). Importantly, mutation of 
potential cleavage sites 3 and 4 alone impacted S protein pro- 
cessing: the presence of the 90-kDa band was reduced in cells 
expressing PCM3, and a band with a molecular weight slightly 
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Figure 1. The Middle East respiratory syndrome coronavirus (MERS- 
CoV) spike protein (MERS-S) is cleaved in transfected and infected cells. 
293T cells were transfected with a plasmid encoding the MERS-S protein 
or with empty plasmid (pcDNA). Vero B4 cells were either infected with 
MERS-CoV at a multiplicity of infection of 5 or mock infected. Subse- 
quently, the cells were lysed and analyzed by Western blot, using a poly- 
clonal antibody directed against the S2 subunit of MERS-S. A B-actin 
antibody served as a loading control. Similar results were obtained in 2 
separate experiments. 





Proprotein Convertases and MERS-CoV e JID e 3 


PLOT ‘EZ Jaquiasaq UO OoSTOURI UES ‘eTUIOJI[ED Jo AjIsIOATUA] W /3.10'sfeuInolpsojxo prl//:dyy wo popeojumoq 


A 


S2 


—— s n 2 


SP RBD i 
621 TAVGVRQQRF VYDAYONLVG YYSDDGNYYC 
651 LRACVSVPVS VIYDKETKTH ATLFGSVACE 
681 HISSTMSQYS RSTRSMLKRR DSTYGPLOTP 
711 VGCVLGLVNS SLFVEDCKLP LGQSLCALPD 
741 TPSTLTPRSV RSVPGEMRLA SIAFNHPIQV 
771 DQOLNSSYFKL SIPTNFSFGV TOEYIQTTIQ 
801 KVTVDCKQYV CNGFQKCEQL LREYGOQFCSK 
831 INQALHGANL RODDSVRNLF ASVKSSQSSP 
861 IIPGFGGDFN LTLLEPVSIS TGSRSARSAI 





PCM1: 626-AXXA-629 
PCM2: 691-AXXA-694 
PCM3: 748-AXXA-751 
PCM4: 884-AXXA-887 


Mutants analyzed: 


B x 
se eS 
© x x x x "adh 
FF OL LSS LIES 
N 
C VOLLI EEL 


Q 





MERS-S 


Actin 


2 pS ane 
—_ 


Figure 2. RXXR motifs located at the border between S1 and S2 are re- 
quired for efficient processing of the Middle East respiratory syndrome coro- 
navirus spike protein (MERS-S). A, The domain organization of the MERS-S 
protein is schematically depicted. The MERS-S sequence at the border be- 
tween the S1 and S2 subunits is shown. RXXR motifs, which constitute po- 
tential cleavage sites, are highlighted, and the predicted start of the S2 
subunit is underlined. The mutations introduced into the potential cleavage 
sites in MERS-S are shown. B, 293T cells were transfected with expression 
plasmids coding for MERS-S wild type and the indicated MERS-S mutants 
equipped with a C-terminal V5 tag. Transfection of empty plasmid (pcDNA) 
served as negative control. Expression of S proteins in cell lysates was deter- 
mined by Western blot, using a V5 tag—specific monoclonal antibody. Expres- 
sion of B-actin in cell lysates was assessed as a loading control. The results 
shown are representative for at least 3 independent experiments. Abbrevia- 
tions: CT, cytoplasmic tail; PCM, potential cleavage site mutant; RBD, receptor 
binding domain; SP, signal peptide; TM, transmembrane domain. 
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Figure 3. The Middle East respiratory syndrome coronavirus spike pro- 
tein (MERS-S) is cleaved by proprotein convertases. 293T cells were trans- 
fected with expression plasmids encoding MERS-S, Zaire ebolavirus 
glycoprotein (EBOV-GP), or Lassa virus glycoprotein (LASV-GPC), all 
equipped with a C-terminal V5 tag. Cells transfected with empty plasmid 
(pcDNA) served as negative control. Subsequently, cells were incubated 
with the indicated concentrations of the proprotein convertase inhibitor 
(PCI). At 48 hours after transfection, glycoprotein expression was analyzed 
by Western blot, using a V5 tag—specific monoclonal antibody. Detection of 
B-actin served as loading control. The results shown are representative of 
three independent experiments. 


for MERS-S wild type. However, combined mutation of poten- 
tial cleavage sites 1 and 3 (PCM1 + PCM3) abrogated S protein 
processing (Figure 2B), suggesting that also potential cleavage 
site 1 contributes to S protein cleavage in this experimental set- 
ting. Similar effects were seen when potential cleavage sites 
3 and 4 were simultaneously altered (PCM3 + PCM4) or 
when all 3 potential cleavage sites were mutated in parallel 
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(PCM1 + PCM3 + PCMA4). Collectively, these results indicate 
that MERS-S cleavage is reduced or altered upon mutation of 
potential cleavage sites 1, 3, and 4. 


MERS-S Is Processed by Proprotein Convertases 

We next sought to identify the proteases responsible for MERS- 
S cleavage. For this, we investigated whether S protein cleavage 
can be blocked by a cell-permeable tripeptide derivative con- 
taining an Arg-X-Arg motive, which is known to inhibit several 
proprotein convertases, including furin [31]. Treatment with 
this PCI reduced the production of the 90-kDa band in cells 
transfected to express MERS-S (Figure 3). Moreover, the pres- 
ence of PCI diminished processing of the Zaire ebolavirus gly- 
coprotein (EBOV-GP) into GP1 and GP2 (Figure 3), which 
depends on the activity of the proprotein convertase furin 
[32]. In contrast, processing of the glycoprotein of Lassa virus 
(LASV-GPC), which is mediated by the proprotein convertase 
SKI-1/S1P [33], was not suppressed (Figure 3). This finding is in 
keeping with the known differences in substrate specificity (and 
thus inhibitor sensitivity) of SKI-I/SIP, compared with propro- 


[34]. Collectively, these results show that the activity of propro- 
tein convertases is essential for MERS-S processing in transfect- 
ed cells. 


Proprotein Convertase Activity Is Not Essential for Efficient 
MERS-S-Driven Cell-Cell and Virus-Cell Fusion 

We next assessed whether proprotein convertase activity is re- 
quired for S protein—driven cell-cell fusion. For this, we used a 
previously described assay [24], which is based on directed ex- 
pression of S protein and receptor/protease in effector and tar- 
get 293T cells, respectively. Expression of MERS-S in effector 
cells allowed inefficient fusion with control-transfected 293T 
target cells, which are known to express low amounts of endog- 
enous DPP4 [35], and the efficiency of cell-cell fusion was 
markedly increased when target cells were transfected with 
DPP4 and/or TMPRSS2 encoding plasmid (Figure 4A). Howev- 
er, the continuous presence of PCI in target and effector cell 
cultures, before, during, and after mixing had no appreciable ef- 
fect on fusion efficiency (Figure 4A), suggesting that proprotein 
convertase activity is dispensable for MERS-S-driven cell-cell 
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Proprotein convertase activity is dispensable for Middle East respiratory syndrome coronavirus spike protein (MERS-S}-driven cell-cell and 


virus-cell fusion. A, Fusion of 293T effector cells transfected to express MERS-S with target cells transfected to express DPP4 and/or TMPRSS2 or control 
transfected with empty plasmid ( pcDNA) was assessed. Both effector and target cells were incubated with 1 uM of proprotein convertase inhibitor (PCI) as 
indicated and, 1 day later, were mixed for cocultivation. The effector/target cell mixtures were incubated with phosphate-buffered saline (PBS) or PCI, and 
cell-cell fusion was quantified by determination of luciferase activities in cell lysates. The results of a representative experiment performed with triplicate 
samples are shown. Error bars indicate standard deviation (SD). Two separate experiments yielded similar results. B, Lentiviral pseudotypes carrying MERS- 
S, Lassa virus glycoprotein (LASV-GPC), Zaire ebolavirus glycoprotein (EBOV-GP), or the glycoprotein of vesicular stomatitis virus (VSV-G), as well as pseu- 
dotypes bearing no viral glycoprotein (pcDNA), were generated in the presence or absence of PCI (1 uM). Subsequently, target 293T cells transfected with 
empty plasmid or DPP4 expression plasmid were preincubated with dimethyl sulfoxide (DMSO), PBS, or PCI at a final concentration of 0.5 uM for 30-60 
minutes, followed by transduction with the pseudotypes specified above. At 72 hours after transduction, luciferase activities in cell lysates were measured. 
The average of 5-7 independent experiments performed with triplicate samples is shown. Transduction with pseudotypes bearing VSV-G in the absence of 
inhibitor was set as 100%. Error bars indicate standard error of the mean (SEM). A 2-tailed Student t test was used to assess statistical significance. 














Proprotein Convertases and MERS-CoV e JID e 5 


PLOT ‘EZ Jaquiadaq UO OoSTOURI UWES ‘eTUIOJI[eD Jo AjIsIOATU:] W /3.10°sfeuInolpso;xo pil//:dyy wo popeojumoq 


s _ MERS-CoV 
Q 


S o 001 01 1 :PCI(uM) 
kDa 
170 
130 
100 
70 
55 


40 


MERS-S 


11 5 


10 


Increase 
(log genome equivalents/mL) 
© 
Increase 
(log plaque-forming units/mL) 


0 0.01 0.1 1 
Cc PCI (uM) 


0 0.01 01 1 
PCI (uM) 


DMSO+MERS 


0.01 #@M+MERS 


1 uM+MERS 





Figure 5. Processing of Middle East respiratory syndrome coronavirus 
(MERS-CoV) spike protein (MERS-S) by proprotein convertases is dispensa- 
ble for MERS-CoV infectivity. Caco-2 cells were incubated with the indicat- 
ed concentrations of proprotein convertase inhibitor (PCI) for 1 hour and 
then inoculated with MERS-CoV at a multiplicity of infection (MOI) of 
0.01 and 0.001 for 30 minutes at 4°C. Thereafter, virus was removed, in- 
hibitor was replenished, and cells were lysed 24 hours after infection for S 
protein detection by Western blot analysis (A, shown only for the MOI of 
0.01). In parallel, viral genomic RNA copies (B, left panel) or infectious 
MERS-CoV particles (B, right panel) in supernatants of MERS-CoV—infected 
Caco-2 cells (with and without PCI treatment) were determined by quantitative 
reverse-transcription polymerase chain reaction (upE assay) or plaque assay. 


To determine whether proprotein convertase activity is re- 
quired for MERS-S-dependent virus-cell fusion, we used a pre- 
viously reported vector system [14]. Notably, the addition of 
PCI to cells producing MERS-S-harboring lentiviral particles 
reduced transduction of 293T target cells by roughly 100-fold 
(Figure 4B). In contrast, infectivity of particles bearing LASV- 
GPC or EBOV-GP was not affected (Figure 4B), in keeping 
with the findings that processing of LASV-GPC is not inhibited 
by PCI (Figure 3) and that processing of EROV-GP by propro- 
tein convertases is dispensable for GP-driven virus-cell fusion 
[36, 37]. Of note, no inhibitory effect was detected when 293T 
cells transfected to express DPP4 were chosen as targets (Fig- 
ure 4B), indicating that S protein processing in virus-producing 
cells might be dispensable for infectivity when target cells ex- 
press robust amounts of DPP4. In sum, these results suggest 
that proprotein convertase activity is largely dispensable for 
MERS-S-driven cell-cell and virus-cell fusion, at least when tar- 
get cells produce high levels of DPP4. 


Proprotein Convertase Activity Is Not Required for MERS-CoV 
Infectivity 

The lack of a prominent inhibitory effect of PCI on MERS- 
S-driven cell-cell and virus-cell fusion might be due to high 
levels of directed MERS-S and DPP4 expression in these exper- 
imental systems. Therefore, we assessed whether PCI inhibits 
MERS-CoV spread in target cells expressing endogenous 
DPP4. PCI treatment of Caco-2 and Vero B4 cells infected 
with MERS-CoV did not inhibit total MERS-S expression but 
reduced S protein cleavage efficiently and in a concentration-de- 
pendent manner (Figure 5A and data not shown), confirming 
that MERS-S is a substrate of proprotein convertases in infected 
cells. However, PCI treatment did not reduce MERS-CoV prop- 
agation, as determined by the amount of viral RNA (Figure 5B 
and data not shown) or infectious units (Figure 5B and data not 
shown) present in culture supernatants. Similarly, treatment of 
MERS-CoV-infected cultures had little if any effect on the for- 
mation of cytopathic effects, as demonstrated by comparable 
destruction of the cell monolayer (Figure 5C). Thus, processing 
of MERS-S by proprotein convertases is dispensable for MERS- 
CoV infectivity in cell cultures. 





Figure 5 continued. The experiment was performed in quadruplicates 
and repeated twice with 2 different MOls, giving comparable results. 
Shown is 1 representative experiment (MOI, 0.001). C, Cytopathogenic ef- 
fects of MERS-CoV (MOI, 0.1) infected Vero B4 cells 42 hours after infec- 
tion in the presence and absence of PCI. Viral antigen was detected with a 
specimen from a patient with MERS (diluted 1:100), followed by a cyanine 
2—labeled goat-anti human immunoglobulin G. Nuclei were stained with 
DAPI-containing mounting medium. Samples were analyzed by immunoflu- 
orescence microscopy (Zeiss), and pictures were taken at the same micro- 
scopic settings at a magnification of 200x. Similar results were obtained in 
2 independent experiments performed with duplicate samples. 
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DISCUSSION 


The processing of the glycoproteins of human immunodeficien- 
cy virus (HIV) [19] and highly pathogenic avian influenza vi- 
ruses [20] by proprotein convertases is essential for viral 
infectivity. As a consequence, antiviral strategies aiming at the 
inhibition of these enzymes are being developed [31]. Our re- 
sults add MERS-S to the list of proprotein convertase substrates 
and show that several RXXR motifs within MERS-S are required 
for efficient S protein processing. However, activity of propro- 
tein convertases was dispensable for infectivity of MERS-CoV, 
indicating that, in the context of MERS-CoV infection, proprotein 
convertases do not constitute targets for antiviral intervention. 

The observations that TMPRSS2 activates MERS-CoV [14, 
16, 17] and other coronaviruses [38-40] and that knock out of 
TMPRSS2 has no phenotype in the absence of infection [41] de- 
fined TMPRSS2 as a target for therapeutic intervention. How- 
ever, TMPRSS2 might not be the only cellular protease that 
constitutes a potential therapeutic target in the context of coro- 
navirus infection. Thus, cleavage of MERS-S during biogenesis 
in infected cells might be required for subsequent cleavage and 
activation of the S protein by TMPRSS2 during viral uptake into 
target cells. Such a scenario would not be unprecedented, given 
that entry mediated by the glycoproteins of certain bunyavirus- 
es depends on glycoprotein processing during synthesis in the 
constitutive secretory pathway and, as suggested by a recent re- 
port, during viral uptake into target cells [42]. Alternatively, it is 
conceivable that processing of MERS-S in infected cells is dis- 
pensable for virus-cell but required for cell-cell fusion, which 
results in formation of syncytia, a feature of MERS-CoV path- 
ogenesis [5]. 

We found that MERS-S is efficiently although not completely 
cleaved in S protein-transfected 293T cells and MERS-CoV-in- 
fected Vero B4 and Caco-2 cells, and inhibition experiments 
showed that proprotein convertase activity is essential for 
MERS-S cleavage. The finding that MERS-S is efficiently 
cleaved in transfected or MERS-CoV-infected cells is in keeping 
with several studies examining MERS-S expression for other 
purposes [16, 43, 44]. One report showed that MERS-S is not 
cleaved in transfected cells [17]; however, a MERS-S variant 
with a truncated cytoplasmic tail was examined, and it is con- 
ceivable that this deletion interfered with S protein exposure to 
or recognition by proprotein convertases. Alternatively, the cells 
used for S protein expression might have produced only low 
amounts of proprotein convertases. Robust S protein processing 
by proprotein convertases has also been reported for mouse 
hepatitis virus strain A59 [45, 46] and IBV [18, 47], while cleav- 
age of SARS-S by these proteases is inefficient [48-50]. Thus, 
MERS-S belongs to the subgroup of coronavirus S proteins 
that are substrates of proprotein convertases, and MERS-S pro- 
cessing in different cellular systems, including the colon-derived 
cell line Caco-2, is robust. 


Most proprotein convertases cleave the following motif: 
(R/K)-2nX-RJ, with n standing for 0-3 amino acids [34]. The 
finding that RXXR motifs located at the predicted border between 
S1 and S2 subunit are important for MERS-S processing by pro- 
protein convertases might therefore not be unexpected. Never- 
theless, it is noteworthy that at least 2 RXXR motifs had to be 
mutated in parallel to markedly reduce S protein processing. 
This suggests that the processing enzyme(s) can recognize >1 
cleavage site. Indeed, the S2 fragment produced upon cleavage 
of PCM4 showed a slightly increased molecular weight relative 
to the fragment generated from MERS-S wild type, which would 
be in keeping with use of an upstream cleavage site, most likely 
potential cleavage site 3. Alternatively, the integrity of the RXXR 
motifs located at the border of the S1 and S2 subunit might be 
required to present a single cleavage site in a protease sensitive 
configuration. 

Interference with ebolavirus glycoprotein processing by pro- 
protein convertases is compatible with robust viral spread in 
vitro and in vivo [36, 37]. In contrast, proprotein convertase ac- 
tivity is required for full activity of certain MHV and IBV S pro- 
teins in cell-cell and virus-cell fusion reactions [18, 45-47]. 
Moreover, processing of the HIV envelope protein by propro- 
tein convertases is essential for viral infectivity, and it has 
been suggested that processing of SARS-S, although being inef- 
ficient, is still required for full viral spread and for the establish- 
ment of cytopathic effects in infected cultures [48]. The present 
study provides evidence that efficient blockade of MERS-S pro- 
cessing by PCI has no appreciable effects on S protein activity in 
cell-cell fusion assay and does not modulate MERS-CoV spread 
in susceptible cells. In contrast, inhibition of MERS-S process- 
ing markedly reduced MERS-S-driven fusion of virions with 
293 T cells expressing low amounts of endogenous DPP4. It is 
therefore conceivable that processing of MERS-S by proprotein 
convertases is required for optimal spread of MERS-CoV in tar- 
get cells expressing low levels of DPP4. Such a scenario would 
be in keeping with the observation that inefficient SARS-S-driv- 
en cell-cell fusion due to limited receptor expression can be res- 
cued by directed expression of S protein-activating proteases 
and vice versa [50]. 

In sum, our results identify MERS-S as a substrate of propro- 
tein convertases but indicate that the activity of these enzymes is 
dispensable for MERS-CoV spread in target cell lines and po- 
tentially also in the infected human host. Furthermore, our 
findings suggest that the mode of S protein activation might de- 
pend on the level of receptor expression, a scenario that war- 
rants further analyses. 
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